Due to numerous reasons, improving the fuel efficiency has become a very important topic for research nowadays. One of the ways to improve fuel efficiency is to reduce the drag forces encountered by moving bodies. For prediction of drag forces, diversified approaches can be undertaken. CFD simulations provide these, but their accuracy is very dependent on the modeling of transition effects in the turbulence model. In the present study, a simple shape (called Ahmed Body) has been investigated using an open-source CFD software called OpenFOAM. Two different classes of turbulence models (namely k − ω SST and k − kL − ω) have been used and the obtained results are validated against experimental data. Efforts have also been made in the present research to analyze the vortices in the wake region of the Ahmed Body using selected visualization techniques such as surface line-integral convolution, Q-criterion, and λ2-criterion.
Introduction
The development undertaken by the automotive industry is targeted towards meeting the consumer demand in parallel with the population growth. The traditional wind tunnel testing no longer suits the competitive market demands for faster road testing and aerodynamic analyses. Researchers nowadays focus on computational techniques using CFD analysis, especially for drag and lift studies as mentioned in [22] . Drag is important to be reduced in order to improve fuel efficiency and reduce weight of the vehicle. On the other hand, lift is critical at high speeds. Hence, this two aerodynamic parameters need to be carefully balanced. A simple bluff type body called Ahmed body was used in this flow analysis. The Ahmed body model was developed by [1] to represent automobiles as a bluff type body for numerical investigations of drag. According to [1] , most of the drag from Ahmed body model is generated at the rear end of the body and almost all body drag is pressure drag. Since then, Ahmed body act as a successful benchmark for various automotive fluid dynamic studies. Computational simulations of Ahmed Body has been conducted in [13] for various nose radius, ground height and rear slant angle. The simulations were done at an inlet velocity of 40 m s −1 with k − turbulent model. The 25 • slant angle at the rear end of the Ahmed Body is considered as the best working conditions for low drag coefficient in comparison with other slant angles. Authors suggested to use a more advanced turbulence model in order to accurately capture the flow separation and reattachment which is responsible for drag at the rear end of Ahmed Body.
The article [3] summarizes the results obtained with different versions of k − realizable model combined with wall functions. The same external air velocity of 40 m s −1 was applied in the study. Vortices at the rear end of the Ahmed body come closer to each other as the wake area is reduced. As a result, the predicted values of the drag were reduced.
In one of the recent studies by [2] , the researchers compared two methods of computational analysis (namely RANS and DES) in a study in order to assess their ability to capture changes of flow physics using 2 different rear slant angles (25 • and 35 • ) of Ahmed body. Both methods, the RANS (Reynolds Averaged Navier-Stokes) and the DES (Detached Eddy Simulation) method, were on the k − ω SST model. It has been found that RANS correctly predicted the reattachment of flow for slant angle of 25
• whereas the Improved Delayed DES (IDDES) model correctly matched for both of the test angles.
In the study of [23] , LES method is used to resolve the flow structures over the Ahmed body, particularly in the downstream area. Authors also employed a high accuracy technique of particle image velocimetry (PIV) to validate the results. The researchers mentioned that, URANS models are not accurate in the lower part of the slanted plate (α = 25
• ) thus, the URANS method only applicable for early-stage optimization simulation. Whereas, the more expensive LES method should be employed for final simulations.
This study utilizes a simple variant of RANS that is not very time consuming. The use of various turbulence models are specified in this study. The k − ω SST is one of the most frequently used turbulence model for CFD analysis in a wide range of applications. However, the fullyturbulent computational case does not incorporate the effect of transitional process on the flow field hence, affecting its overall performance as stated by [18] . Due to the failure to closely capture the laminar-turbulent transition researchers have come up with several transition aware models. The most common laminar-transition models compatible with RANS approach are based either on the concept of intermittency (see e.g. the γ − Re θ model of [11] ) or on the concept of the so-call laminar kinetic energy, see e.g. [26] .
In the present study, the for the k −k L −ω transition and turbulence model have been compared with the k − ω SST model for analyzing the aerodynamic coefficients of Ahmed Body. The CFD results have been validated with the experimental results from [12] .
Turbulence Models
Over the years, different researchers have attempted to model turbulent flows and flows including the transition from laminar to turbulent regime. In this section, two selected models are briefly discussed.
The k − ω SST Turbulence Model
The shear stress transport (SST) k − ω model is a two-equation, eddy-viscosity, fully turbulent model initially developed by [17] and later modified in [15] . This model is the combination of two popular turbulence models, namely k − ω model in the viscous boundary sublayer and k − model in the field far away from the wall. The model consists of two additional transport equations for turbulence kinetic energy (k) and specific dissipation rate (ω)
for details see [15] . The SST model is very popular model thanks to its ability to predict flows with adverse pressure gradient or flows with separation and reattachment. Nevertheless the original model does not capture the boundary layer transition from laminar to turbulent regime.
k − k L − ω Transition and Turbulence Model
The k − k L − ω transition and turbulence model was proposed in [26] . The model is based on the concept of laminar kinetic energy, uses the k −ω framework and includes a third transport equation for the so-called laminar kinetic energy k L modeling the evolution of low-frequency fluctuations in Prague, February 20-22, 2019 _______________________________________________________________________ 2 pre-transitional region
for details see [26] .
The closure of the model is based on a phenomenological approach and includes terms responsible for the so-called natural (R N AT ) and bypass transition (R BP ) modes. Thanks to its local formulation, the model is compatible with modern unstructured CFD codes. On the other hand the k − k L − ω model is based on the standard k − ω model and therefore it is not very well suited for free shear flows.
CFD Analysis
The Ahmed body is a simple geometrical shape of box with rounded front and selected slanted rear surface angled 25
• with length of 1.044 m, height of 0.288 m, width of 0.389 m and equipped with four cylindrical legs attached at the bottom of the body (see Fig. 1(a) ). The problem was solved in a rectangular computational domain with width and height of 2 m and length of 10 m as shown in Fig. 1(b) . Three different unstructured, mostly hexahedral meshes were created using the cfMesh software [4] in order to asses the mesh independency of the results, see the table 1. All meshes were refined in the vicinity of solid walls in order to keep y 
Boundary Conditions
The inlet velocity was set to 40.21 m s −1 together with the turbulence intensity T u = 0.2 % and the turbulent viscosity ratio (TVR=µ t /µ = 10). Standard no slip boundary condition was considered at the Ahmed body model as well as at the ground. The symmetry condition was applied at the upper, front and back boundaries and the static pressure was prescribed at the outlet.
Flow Solution
The numerical solution was obtained for both turbulence models using the finite volume steadystate solver available in OpenFOAM package [27] . The solver is based on the widely used SemiImplicit Method for Pressure-Linked Equations (SIMPLE) algorithm proposed in [20, 19] . The Table 2 : Lift and drag coefficient results from the applied turbulence/transition model
0.344 0.370 Experimental [12] 0.299 0.345 steady state problem was solved using the second order discretization with limiters. The linear system arising from the discretization of continuity equation was solved with the geometricalgebraic multigrid method whereas the Gauss-Seidel iterations were used for the discrete variants of momentum and turbulence model equations.
Results and Discussions
Mesh sensitivity analysis has been carried out to ensure a mesh independent result. It is also important in order to quantify the discretization error. Table 1 shows the total number of cells in each mesh as well as the values of the aerodynamic coefficients resulting from the k − ω SST model. The calculated Grid Convergence Index (GCI) for drag coefficient is approximately 0.34 % depicting that mesh independency is achieved. Fine mesh (M5) was then applied for the rest of calculations.
Results obtained with both models are validated with experimental findings as in [12] as cited in [14] . The values of the lift and drag coefficient are shown in Table 2 . The table shows that the k − ω SST turbulence model was unable to closely match the experimantal values of drag and lift. The k − k L − ω model matches better the experimental data, although there is still quite large error in the drag coefficient. Figures 2 and 3 show contours of the pressure and velocity magnitude, respectively, in the domain cross-section. One can see that the flow separation is predicted at the front end of the body with k − ω SST model whereas the k − k L − ω model predicts the separation at the sharp corner at the rear end of the body. It is visible that the wake is wider for k − ω SST model compared to k − k L − ω model due to early fluid separation. [12] . This close match were not obtained according to [2] even when using expensive DES or IDDES method.
The figure 6 shows the iso-surfaces of the vorticity magnitude. The vorticity can be used directly to identify vortices as stated in [6] . [9] state that the drawback of this visualization technique that it cannot distinguish between the swirling motions and shearing motions. Nevertheless one can see large vortices behind the body as well as the structure at the roof of the body. Another visualization technique is based on the the Q-criterion, see e.g. [5, 6, 8, 10] . The vortex in Q-criterion method is defined as a "connected fluid region" with positive invariant of the velocity gradient tensor (Q = (|Ω| 2 − |S| 2 )/2 > 0). Here S is the strain rate tensor and Ω is the vorticity tensor. The Figure 7 shows the iso-surface of the Q variable colored by the velocity magnitude.
Both Figures 6 and 7 show the vortices around the Ahmed body. The comparison of the results show that the k − k L − ω model predicts vortex structures at the ground upstream the body, which is not the case of the k − ω SST model. Nevertheless these vortices are probably caused by the development of the boundary layer in front of the car and are therefore irrelevant. The main difference between the two results is hence in the shape of two large vortices behind the car and in the structure of the flow field near the roof and the slanted rear part of the car. Similarly to the results of LES and DES simulation published in the article [21] the flow forms two cone-like trailing vortices which turn into a straight stream-wise vortices at further downstream, see Fig.  7 .However, detailed descriptions of the far wake structures can only be developed using a high-order approximation scheme and the LES method.
Conclusion
The purpose of the present study is to numerically investigate the fluid flow around Ahmed Body. The application of RANS method both based on k − ω SST and k − k L − ω turbulence models are investigated. Attempts have been made to view development of vortices around the Ahmed Body using different visualization techniques like streamlines, surface LIC, vorticity, and Q-criterion.The aerodynamic coefficients obtained from the CFD analyses have been validated with [12] .
By considering the effect of transition in the CFD analysis, the results show a fair agreement with the experiment compared to when using a fully turbulent for both of the lift and drag coefficients. The k − ω SST model fails hugely to capture both lift and drag coefficient of fluid flow around Ahmed Body. Wake structures at the rear end of the Ahmed Body are different based on turbulence model used.
A promising prospect on the application of transition model can be seen in the recent study. However, more research is needed to test other advanced transition and turbulence models such as the intermittency based models, see e.g. [18, 16] or [7] , especially in combination with a high-order numerical methods, see e.g. [25] .
